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firewood distributor in the residential suburbs of Los Angeles
in Southern California. One source test was completed for
each of the three firewood types (pine, oak, and eucalyptus);
these wood species represent the largest volumes of wood
sold by this distributor. Kindling to start each fire was obtained
by chopping up a log of the particular wood being tested,
and only a small number of sheets of newspaper (ap-
proximately five sheets per test) were burned to ignite the
kindling. No other materials were used to start the fires or
were burned with the wood. The mass of wood burned (logs
plus kindling) was measured prior to each test, and the
remaining mass of ashes was collected and weighed after
each test. The difference between the mass of wood ignited
and the mass of ashes remaining was defined as the mass
of wood burned. In all tests, the mass of ash amounted to
only a few percent of the original wood mass.

The firewood combustion source tests were conducted
in a residential fireplace located in a two-story house.
Emissions were withdrawn from a port installed in the
chimney on the second floor level of the house ∼5 m above
the fireplace grate. The total exhaust gas flow from the
fireplace was measured at the chimney outlet and was
monitored periodically throughout the wood-burning cycle.
These repeated measurements, taken throughout the course
of the fire along with the source sampler flows, were used
to calculate the fraction of the flue gas that was drawn into
the sampler. In the pine wood test, 17.2 kg of wood was
burned over a period of 189 min, in the oak wood combustion
test, 15.4 kg of wood was burned over a period of 165 min,
and in the eucalyptus wood combustion source test, 18.9 kg
of wood was burned over a period of 218 min. Once the
firewood was reduced to ashes and no visible flame was
present, the ashes were spread in the fireplace. After no smoke
was visible from the dispersed ash, the source test was ended.

Denuder/filter/PUF samples were drawn for ∼15 min
directly after the fire was lit, and a second denuder-based
sample was taken using a new set of substrates for another
15 min approximately midway through the burn cycle. All
other sampling systems operated continuously through the
entire length of each test.

Organic Chemical Analysis. The analytical procedures
used in the present study for the identification and quan-
tification of semivolatile and particle-phase organic com-
pounds in air pollution source emissions have been previ-
ously presented (7). Briefly, all of the quartz fiber filters, PUF
cartridges, and XAD-coated denuders were spiked with a
mixture of eight deuterated internal recovery standards,
n-decane-d12, n-pentadecane-d32, n-tetracosane-d50, n-hexa-
noic acid-d11, n-decanoic acid-d19, phenol-d5, benzoic acid-
d5, and benzaldehyde-d6, prior to extraction. The quartz fiber
filters were extracted under mild sonication twice with hexane
(Fisher Optima grade), followed by three successive benzene/
2-propanol (2:1 mixture) extractions (benzene, E&M Scien-
tific; 2-propanol, Burdick & Jackson). The extracts were
filtered, combined, reduced in volume to ∼250 mL, and then
split into two separate fractions. One fraction was then
derivatized with diazomethane to convert organic acids to
their methyl ester analogues, which are amenable to GC-MS
identification and quantification. Although substituted phe-
nols, guaiacols, and syringols will convert to their methoxy
analogues when reacted with diazomethane, these com-
pounds were identified and quantified in the underivatized
fraction to ensure correct identification of the hydroxy and
methoxy substitution patterns.

The denuders were extracted four times successively using
at each step 40 mL of a solvent mixture of dichloromethane/
acetone/hexane (2:3:5) (Fisher Optima grade) by pouring
each aliquot into the denuder and shaking the Teflon-capped
denuder lightly for ∼30 s per aliquot. The four aliquots from
each of the two denuder samples were composited, reduced

to a volume of ∼250 µL, and then split into two separate
fractions. One fraction was derivatized with diazomethane
as above.

The PUF cartridges were extracted by four successive
aliquots of the dichloromethane/acetone/hexane (2:3:5)
(Fisher Optima grade) solvent mixture. The foam plugs were
repetitively compressed during the extraction. The extracts
were filtered, combined, reduced in volume to ∼250 µL, and
then split into two separate fractions. One fraction was
derivatized with diazomethane.

Filter, PUF, and denuder field blanks were analyzed with
each set of source samples. The field blanks were prepared,
stored, and handled by exactly the same procedures as used
for the source samples.

Both the derivatized and underivatized sample fractions
were analyzed by GC-MS on a Hewlett-Packard GC-MSD
system (GC model 5890, MSD model 5972) using a 30 m long
× 0.25 mm diameter HP-1701 capillary column (Hewlett-
Packard). 1-Phenyldodecane was used as a co-injection
standard for all sample extracts and standard runs. The
deuterated n-alkanes in the internal standard were used to
determine extraction recovery for the compounds quantified
in the underivatized samples. The deuterated acids were used
to verify that the diazomethane reactions were driven to
completion. In addition, the deuterated n-alkanoic acid
recoveries were used in conjunction with the recovery of
deuterated tetracosane to determine the recovery of the
compounds quantified in the derivatized fraction.

Hundreds of authentic standards have been prepared for
the positive identification and quantification of the organic
compounds found in the wood combustion emissions. For
a group of compounds with similar structure, such as the
n-alkanes, standards were prepared for only some of the
compounds within the series. Compounds within a ho-
mologous series for which standards were not available were
identified by comparing their spectra to the standards for
similar compounds within the series and by comparison to
the NIST and Wiley mass spectral libraries. For these
compounds, quantification was based on the response factors
for the authentic standards of closely related compounds
within the series. Compounds for which standards of similar
compounds were not available were tentatively identified by
comparison of their spectra to the mass spectral libraries
and by fundamental interpretation of the mass spectra. The
emission rates of such compounds were not quantified.

Total non-methane organic gases (NMOG, EPA method
TO12) and individual organic vapor-phase hydrocarbons
ranging from C1 to C10 were analyzed from the SUMA canisters
by gas chromatography-flame ionization detection (GC-FID)
as described by Fraser et al. (25). Carbonyls collected by the
C18 impregnated cartridges were analyzed by liquid chro-
matography-UV detection as described by Grosjean et al.
(26).

Results and Discussion
Fine Particle Emission Rates and Elemental Compositions.
Table 1 shows the elemental composition of the fine particle
mass emitted from the fireplace combustion of the three
wood types. Those species with emission rates greater than
twice the standard error of the analytical measurement are
shown in boldface type. Fine particle mass emissions from
the fireplace combustion of pine wood were measured to be
9.5 ( 1.0 g kg-1 of wood burned, which is in good agreement
with the results of 13.0 ( 4.0 g kg-1 reported by Hildemann
et al. (6) and 2.9-9.0 g kg-1 reported by McDonald et al. (27).
The fine particle mass emitted was found to be 56.0 ( 2.8%
organic carbon and 1.4 ( 0.1% elemental carbon. Potassium
and chloride were the next largest components comprising
0.28 and 0.18% of the fine particle emissions, respectively.
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TABLE 2 (Continued)

pine oak eucalyptus

compound gas phase particle phase gas phase particle phase gas phase particle phase notes

aromatic hydrocarbons (continued)
fluoranthene 3.05 3.95 3.61 1.20 3.75 0.509 a, f
acephenanthrylene 0.961 1.88 1.16 0.575 1.35 0.292 a, f
pyrene 1.87 3.78 2.40 1.23 2.70 0.585 a, f
C1-202 MW PAH 0.749 5.56 1.22 2.43 1.59 1.60 a, f
benzo[ghi]fluoranthene 0.082 0.838 0.048 0.419 0.007 0.354 a, f
cyclopenta[cd]pyrene 0.974 0.430 0.025 0.324 a, f
C1-226 MW PAH 1.37 0.201 0.357 b, f
benz[a]anthracene 1.22 0.630 0.032 0.533 a, f
chrysene/triphenylene 1.14 0.755 0.027 0.593 a, f
C1-228 MW PAH 1.76 0.437 0.489 b, f
benzo[k]fluoranthene 0.671 0.303 0.286 a, f
benzo[b]fluoranthene 0.790 0.400 0.327 a, f
benzo[j]fluoranthene 0.466 0.073 0.121 b, f
benzo[e]pyrene 0.459 0.231 0.212 a, f
benzo[a]pyrene 0.712 0.245 0.301 a, f
perylene 0.111 0.019 0.020 a, f
indeno[1,2,3-cd]fluoranthene 0.224 0.018 0.010 b, f
indeno[1,2,3-cd]pyrene 0.518 0.168 a, f
benzo[ghi]perylene 0.437 0.173 a, f
anthanthrene 0.052 0.008 b, f

phenol and substituted phenols
phenol 525 300 434 a, f
o-cresol 89.6 47.7 0.018 37.8 0.006 a, f
m- and p-cresol 380 0.500 179 0.210 110 0.055 a, f
dimethylphenols 110 0.451 50.7 30.2 0.029 a, f
o-benzenediol 312 142 215 b, f
p-benzenediol 17.2 20.9 14.1 13.1 18.3 15.1 a, f
m-benzenediol 2.81 47.0 4.47 26.0 10.0 13.0 a, f
methylbenzenediols 10.4 54.5 56.0 28.9 38.4 18.1 b, f
hydroxybenzaldehydes 12.1 7.91 14.1 0.529 11.4 0.316 b, f
4-(2-hydroxyethyl)phenol 11.1 192 1.38 14.7 b, f

guaiacol and substituted guaiacols
guaiacol 279 0.359 172 0.149 183 0.094 a, f
4-methylguaiacol 339 0.854 101 0.113 81.3 0.110 b, f
4-ethylguaiacol 203 0.939 100 0.054 56.7 0.058 b, f
4-propylguaiacol 69.6 0.593 31.6 11.9 b, f
eugenol 57.2 0.381 20.7 10.8 a, f
cis-isoeugenol 41.2 0.702 13.1 9.25 b, f
trans-isoeugenol 118 6.68 23.6 0.276 45.9 0.217 b, f
vanillin 105 138 50.7 2.40 51.9 0.851 a, f
acetovanillone 31.2 19.6 23.2 1.11 29.4 1.44 a, f
guaiacyl acetone 88.6 118 123 33.7 143 29.0 b, f
coniferylaldehyde 230 15.1 19.3 a, f

syringol and substituted syringols
syringol 397 1.99 287 2.22 a, f
4-methylsyringol 0.301 174 5.06 130 2.74 b, f
4-ethylsyringol 0.226 184 11.6 93.8 3.09 b, f
4-propylsyringol 65.5 15.4 22.1 1.28 b, f
allylsyringol 1.32 4.95 2.89 0.534 b, f
4-propenylsyringol 1.27 36.2 5.70 5.60 a, f
syringaldehyde 7.77 25.3 9.32 50.5 b, f
acetosyringone 1.02 28.1 1.19 55.3 b, f
syringyl acetone 0.259 5.33 196 2.62 239 b, f
propionylsyringol 8.79 16.0 b, f
butyrylsyringol 0.353 14.2 b, f
sinapylaldehyde 18.4 57.4 b, f

aliphatic aldehydes
formaldehyde 1165 759 599 a, g
acetaldehyde 1704 823 1021 a, g
propanal 255 153 155 a, g
butanal/isobutanal 96 62 31 a, g
pentanal 32 88 28 a, g
hexanal 418 90 189 a, g
heptanal 419 77 626 a, g

aliphatic ketones
acetone 749 462 79 a, g
butanone 215 115 77 a, g

olefinic aldehydes
acrolein 63 44 56 a, g
crotonaldehyde 276 177 198 a, g
methacrolein 23 9.1 44 a, g
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The chemical structures of guaiacol, syringol, and their
derivatives are shown in Figure 4, and the chemical structures
of the resin acids have been previously described (15). The
patterns formed by the emissions of benzenediols, guaiacols,
syringols, and resin acids are shown in Figure 5. As can be
seen from Figure 5, significant differences exist in the
emission profiles that distinguish pine wood combustion
effluent from the emissions generated when the two hard-
woods are burned. The emissions of resin acids from the
combustion of pine wood can be detected only at trace levels
in the emissions from the combustion of oak and eucalyptus
firewood. The syringol and syringol derivatives that are

present in the emissions from hardwood combustion are
not detected at significant quantities in the softwood
combustion emissions. Although trace concentrations of the
pine smoke markers are found in the hardwood emissions,
possibly due to volatilization of deposits off of the chimney
walls, only minute quantities of a few of the hardwood
markers are found in the softwood emissions due to the fact
that no hardwood was burned in the chimney used for the
current source tests for at least three years prior to the pine
wood combustion tests. The higher levels of resin acids in
the oak wood smoke as compared to the eucalyptus wood
smoke support this notion as the oak test reported here was

TABLE 2 (Continued)

pine oak eucalyptus

compound gas phase particle phase gas phase particle phase gas phase particle phase notes

aromatic carbonyls
benzaldehyde 49 16 21 a, g
m- and p-tolualdehyde 12 27 a, g
acetophenone 3.9 5.3 14 a, g
2,5-dimethylbenzaldehyde 12 20 50 a, g

dicarbonyls
glyoxal 670 439 616
methylglyoxal 943 321 520 a, g
biacetyl 89 73 73 a, g
2-oxobutanal 241 194 337 a, g

n-alkanoic acids
n-tetradecanoic acid 0.357 0.764 1.36 1.12 a, f, d
n-hexadecanoic acid 2.00 19.9 16.9 15.4 a, f, d
n-heptadecanoic acid 0.082 2.86 0.903 b, f, d
n-octadecanoic acid 4.32 2.77 1.95 a, f, d
n-nonadecanoic acid 0.645 0.347 b, f, d
n-eicosanoic acid 7.25 0.958 0.992 a, f, d
n-heneicosanoic acid 0.565 0.674 0.512 b, f, d
n-docosanoic acid 20.8 7.61 5.09 a, f, d
n-tricosanoic acid 0.479 1.26 0.780 b, f, d
n-tetracosanoic acid 10.2 17.6 11.2 b, f, d
n-pentacosanoic acid 0.161 0.266 0.504 b, f, d
n-hexacosanoic acid 0.573 2.23 11.8 b, f, d

n-alkenoic acids
n-9-octadecenoic acid 59.0 11.7 13.9 a, f, d
n-9,12-octadecadienoic acid 18.9 11.7 21.4 a, f, d

resin acids
pimaric acid 5.09 0.212 b, f, d
sandaracopimaric acid 3.40 0.242 b, f, d
isopimaric acid 42.9 3.55 b, f, d
8,15-pimaradien-18-oic acid 0.132 b, f, d
dehydroabietic acid 43.6 2.07 0.424 a, f, d
abietic acid 187 1.20 b, f, d
7-oxodehydroabietic acid 2.34 b, f, d
abieta-6,8,11,13,15-pentaen-18-oic acid 20.1 b, f, d
abieta-8,11,13,15-tetraen-18-oic acid 4.46 0.055 b, f, d

sugars
levoglucosan 1375 706 1940 a, f
other sugars 403 75 77 b, f

PAH ketones
indan-1-one 17.5 0.135 13.8 7.66 b, f
9H-fluoren-9-one 6.68 1.95 6.00 3.92 b, f
1H-phenalen-1-one 0.285 4.45 1.35 0.689 1.52 a, f
7H-benz[de]anthracen-7-one 0.694 0.187 0.289 a, f

other compounds
veratraldehyde 1.24 0.299 a, f
3,4-dimethoxytoluene 12.7 38.2 3.25 a, f
veratric acid 8.10 2.04 4.12 0.910 8.41 a, f
hydroxymethylfurfural 142 62.3 145 64.5 439 30.8 a, f
2-furaldehyde 111 200 161 a, g
2-methylfuraldehyde 10 5.3 1.9 a, g
divanillyl i i i c, f
divanillylmethane i i i c, f
vanillylmethylguaiacol i i i c, f
a Authentic quantitative standard. b Authentic quantitative standard for a similar compound in series. c Identified by mass spectra. d Detected

as a methyl ester. Sample collection notes. e Collected in SUMA canister. f Collected on filter/PUF sampling train. g Collected on DNPH impregnated
C18 cartridges. h Not measured. i Detected but not quantified. See text for details.
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conducted immediately after the pine wood test, whereas
the eucalyptus wood burning test was conducted as the third
hardwood test following the pine wood test.

Guaiacols and the derivatives of guaiacol are emitted by
the combustion of both the softwood and the hardwoods,
but the emission rates of individual guaiacol derivatives are
very different for the two types of wood. Coniferylaldehyde
and vanillin are emitted at significantly higher rates from
pine wood combustion than from combustion of the
hardwoods tested in the present study. The alkyl-substituted
guaiacols and guaiacol are emitted at moderately higher rates
from the pine wood combustion process, but the relative
distribution of these compounds in the emissions from pine
wood combustion is not significantly different from that in
the hardwood combustion emissions.

The relative distribution of total benzenediol isomer
emissions shown in Figure 5 is not very different for the
combustion of the three types of wood tested, but the
distribution of these compounds between the gas and particle
phases in the diluted emissions varies significantly for the
different isomers. The ortho-substituted benzenediol is
completely in the gas phase, whereas the para-substituted
species is split evenly between the gas and particle phases.
The meta-substituted species is found mostly in the particle
phase for the pine and oak smokes but is evenly split between
the two phases in the eucalyptus smoke.

Comparison of the data presented by Rogge et al. (16) to
the present study must be limited to compounds that are
predominately in the particle phase. This limits the com-
parison to high molecular weight PAHs (molecular weights

>226), high molecular weight alkanoic acids (compounds
with molecular weights greater than that of octadecanoic
acid), resin acids, and potentially some methoxylated phe-
nols. When the 12 individual particle-phase PAH emission
rates measured by Rogge et al. (16) are divided by the emission
rates measured in the present study, the average ratios are
1.34 ( 0.10 and 1.24 ( 0.28 [mean ( standard deviation
(SD)] for the pine wood combustion and oak wood combus-
tion tests, respectively. For the eight n-alkanoic acids
quantified by both studies, the ratios of emissions rates are
0.95 ( 0.31 and 0.77 ( 0.18 (mean ( SD) for the pine wood
combustion and oak wood combustion tests, respectively.
The emission rates of resin acids from the combustion of
pine wood average 1.18 ( 0.64 times higher in the study by
Rogge et al. (16) than in the present study. The emissions of
particle-phase methoxylated phenols show significantly
poorer agreement between the two studies. The methoxylated
phenols quantified by Rogge et al. (16) were quantified in the
methylated fraction of the extract. As a result, several
trimethoxylated compounds were measured by Rogge et al.
that were not seen in the present study and were not reported
by McDonald et al. (27) or Hawthorne et al. (28, 13). It is
important to note that carbonyl-substituted methoxylated
phenols can react with diazomethane to form a broad range
of products (29), and this may explain the differences between
more recent studies and the earlier work of Rogge et al. with
respect to the distribution of the methoxylated phenols.

Gas/Particle Partitioning: Experiment versus Theory.
Gas/particle partitioning theory (30, 31) holds that the phase
distribution of a semivolatile organic compound is deter-
mined by its absorption into the particle-phase matrix and
that this phase distribution can be described by a partitioning
coefficient, Kp,opm, defined as

where Kp,opm is the gas/particle partitioning coefficient based
on organic particulate matter as the receiving particle phase
substrate in units of m3 µg-1. F is the particle-associated mass
concentration of the semivolatile organic compound of
interest (µg m-3), OPM is the total organic particulate matter
concentration into which the compound can partition (µg
m-3), and A is the gas-phase mass concentration of the
compound of interest (µg m-3). It is expected that the gas/
particle partitioning coefficient, Kp,opm, will depend on the
vapor pressure of the various organic compounds (32)

where pL
0 is the vapor pressure over a liquid pool of the

semivolatile organic compound of interest in Torr and mr,opm

and br,opm are coefficients that can be estimated by regressing
a series of experimentally measured values of Kp,opm on the
corresponding liquid vapor pressure values, pL

0, for the
members of a given organic compound class. If the com-
pounds have similar activity coefficients when present in
the particulate organic matrix and the partitioning process
has reached equilibrium, then -mr,opm should be close to
unity. Under this condition, br,opm is a constant characteristic
of the partitioning for that class of compounds with the
specific particle matrix.

As previously indicated, the phase distribution of the
emitted PAHs was measured throughout the complete wood-
burning cycle by filter/PUF sampling trains during each
source test, and 15-min samples were analyzed that represent
two different times during the pine wood combustion source
test using the denuder/filter/PUF sampling technology. A
plot of Kp,opm as a function of pL

0 is presented in Figure 6 for
all of the available PAH data. Values of mr,opm and br,opm for

FIGURE 5. Emission rates of organic compounds from wood
combustion and their gas/particle phase distributions in the diluted
exhaust from a residential fireplace.

Kp,opm ) F/OPM
A

(1)

log(Kp,opm) ) mr,opm log(pL
0) + br,opm (2)
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PAH as measured by the filter/PUF sampling train in the
diluted exhaust from hardwood combustion are -1.4 ( 0.05
and -10.4 ( 0.22, respectively. For measurements made by
the filter/PUF method in the diluted exhaust from the pine
wood combustion, mr,opm is -1.3 ( 0.07 and br,opm is -9.4 (
0.31. In both of these cases, -mr,opm is significantly different
from unity, indicating that the partitioning of the PAHs as
determined by the filter/PUF sampling trains does not appear
to be at equilibrium as discussed in detail by Pankow and
Bildemann (30). However, also shown in Figure 6 are the
Kp,opm values determined by the denuder/filter/PUF mea-
surement technique in the diluted exhaust from pine wood
combustion. For the denuder/filter/PUF measurements,
mr,opm is -0.93 ( 0.03 and br,opm is -7.6 ( 0.16, which is in
much better agreement with the partitioning theory described
above. Measurements of the partitioning behavior of PAHs
by Liang and Pankow (32) using a filter/PUF sampler were
found to have br,opm values of -7.0 for tobacco smoke and
-6.9 for urban particulate matter. The better agreement of
the denuder/filter/PUF measurements with partitioning
theory, as compared to the filter/PUF measurements, is
consistent with the fact that with the denuder system the
positive sorption artifact due to the gas-phase semivolatile
vapors does not occur because these vapors do not pass over
the filter.

Determination of the Contribution of Wood Smoke to
Ambient VOC Concentrations. Demonstration that the
distribution of fine particle-phase organic compounds in
wood smoke can be used to trace wood smoke contributions
to atmospheric fine particle concentrations is provided by
Schauer et al. (17) and will not be repeated here. The
characterization of the gas-phase emissions from wood
combustion provided in the present study when combined
with particle-phase wood smoke tracers now makes it
possible to assess the contribution of wood combustion to
ambient VOC concentrations. The concentrations of fine
particulate organic compounds and gas-phase volatile
hydrocarbons were measured in Fresno, CA, in the winter
of 1995-1996 as part of the San Joaquin Valley IMS95 air

quality study (33). Ambient concentrations of benzene,
ethene, acetylene, and levoglucosan for two episodes of 48
h duration during the IMS95 study are listed in Table 3. Also
included in this table are the emission rates of these
compounds collected in the present study for pine wood
combustion. Emissions and ambient concentrations that are
normalized according to levoglucosan also are presented in
Table 3. Given that the average emission rate of levoglucosan
from hardwood combustion is close to that of the pine wood
sample and given the fair similarity of the emissions rates of
the lightest gas-phase compounds measured in all tests (e.g.,
the carbonyls), it is assumed that the levoglucosan and gas-
phase emissions from pine wood combustion can be used
to estimate the concentration of wood smoke-derived VOCs
in the Fresno atmosphere. If levoglucosan is used as a tracer
for wood smoke, then the contributions of wood burning to
the ambient concentrations of benzene, ethene, and acety-
lene can be estimated for these episodes. As shown in Table
3, the contributions from wood burning to the ambient
benzene, ethene, and acetylene concentrations during the
December 26-28, 1995, episode are 14, 24, and 18%,
respectively. The December 26-28 sampling period falls
between the Christmas and New Year’s holidays and is a
popular time for residential wood burning. Because no other
source measurements have been reported that simulta-
neously quantify both levoglucosan and the gas-phase
hydrocarbons, uncertainties in these estimates that arise from
test-to-test variability cannot be quantified at this time. This
result is significant because benzene, acetylene, and ethene
are often used as motor vehicle exhaust tracers within VOC
receptor models in which they are used to distinguish the
differences between whole gasoline vapors and gasoline-
powered motor vehicle exhaust within atmospheric samples.
The omission of the contributions from wood smoke VOCs
within receptor modeling calculations could lead incorrectly
to an overestimate of the contribution of tailpipe exhaust
and an underestimate of the contribution of whole gasoline
vapors to ambient VOC concentrations in communities where
a significant amount of wood burning occurs.
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